Plant shoot apical meristems (SAM) and root apical meristems (RAM) contain stem cells that form overall-plant architecture. Mechanisms acting in these regions keep a balance between the stem cell population and differentiation. These mechanisms are well-studied in Arabidopsis, but little is known in the legume soybean (Glycine max (L.) Merr.). In Arabidopsis, the Leucine-rich repeat (LRR) Receptor kinase CLAVATA1 (CLV1) is a crucial regulator of this process in the SAM. In soybean, the receptor most similar to ATCLV1 is Gm-NARK, which is involved in nodulation control. In contrast, the homeologous partner of GmNARK in soybean, called GmCLV1A, appears to have no function in 'Autoregulation of nodulation' (AON) a role in regulating shoot architecture in the SAM. Here, the transcriptome of the shoot and root tip areas of a chemically induced and TILLING-selected Gm-CLV1A missense mutant, S562L, and its wild type, cultivar Forrest, were analysed to identify genes which are affected by impaired function of GmCLV1A. Among the differentially expressed genes identified, many were categorised as having a role in receptor kinase activity, transcription or defense/ stress-response. Molecular categories over-represented in the shoot tip of the mutant include those involved in hormone biosynthesis/activity and secondary metabolism, signalling, photosynthesis, and transport. Functional categories including those involved in polyamine metabolism, nucleotide metabolism, RNA regulation, protein targeting and protein degradation were under-represented in the shoot tip of the mutant. In the root tip, categories associated with signal
Introduction
Soybean (Glycine max (L.) Merr.), garden pea (Pisum sativum), common bean (Phaseolus vulgaris) and alfalfa/lucerne (Medicago sativa) are some of the important crops belonging to the legume family, which are second to the grasses in providing food for the world's population. One-third of all dietary protein and one-third of processed vegetable oil for human consumption are provided by grain legumes (Gepts et al., 2005; Graham and Vance, 2003) .
Nitrogen is the most required nutrient of plants and enters into many biological molecules such as amino acids, proteins and nucleic acids. Although dinitrogen gas (N 2 ) forms a main part of the earth's atmospheric gas (78.1%), it cannot be used by most of the plants, generating a global need for nitrogen-containing fertiliser. Leguminous plants, however, are able to use dinitrogen gas through a symbiotic association with soil bacteria, collecThis is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 184 tively named rhizobia (Ferguson et al., 2003) .
Apical meristems including those of the shoot (SAM) and root (RAM) are responsible for the aerial and underground organs of the plant, respectively (Stahl and Simon, 2010; Traas and Hamant, 2009 ). SAM and RAM are specialised regions containing stem cells, which allow plants to grow continuously throughout their life through the control of a pool of stem cells. Similar to animal stem cells, plant stem cells are capable of generating diverse tissues and renewing the stem cell population (Sharma et al., 2003) .
Therefore, the major function of the SAM is to keep a dynamic balance between maintenance of the pluripotent stem cell population and the formation of new organs (leaves and flowers) and enables plants to grow and reproduce (Fletcher, 2002) . Some pathways and regulatory mechanisms in this process have been identified through studies using the model plant Arabidopsis, a crucifer. Of particular significance is the role of the CLA-VATA (CLV) signalling network to regulate the size of the stem cell reservoir in the SAM. Mutations in genes (like CLV1, CLV2 and CLV3) acting in the CLV network lead to the proliferation of undifferentiated cells in the SAM and the development of an abnormal apical meristem (Clark et al., 1993; . Within this gene network, CLV1 encodes a leucine-rich repeat receptor kinase (LRR-RK) and plays a critical role in this pathway.
AtCLV1-like genes in soybean are GmNARK and GmCLV1A. GmNARK regulates nodulation through a mechanism called Autoregulation Of Nodulation (AON) (Searle et al., 2003) and GmCLV1A appears to have a function in the SAM (Mirzaei et al., 2014; submitted) . However, to date, little is known about the 'CLV' network of soybean. Recently, through TILLING, an EMSinduced missense mutation in a putative S-glycosylation site (S562L) in GmCLV1A was isolated (Batley et al., 2014; submitted) . The mutant shows an alternative function from GmNARK and behaves as a loss-of-function allele. GmCLV1A lacks any measurable effect on nodulation despite sharing over 90% DNA sequence with GmNARK. The S562L mutation leads to severe nodal identity alterations in the basal parts of the emergent plant such as branching, as well as flower and pod abnormalities (Mirzaei et al., 2014; submitted) .
Several methods are available to study gene expression, such as qRT-PCR, microarrays and high-throughput RNA sequencing (RNA-seq) (Ozsolak et al., 2009) . qRT-PCR is utilised for studying a small number of genes and samples, microarrays are used for large scale gene expression studies (e.g., whole transcriptome), and RNA-seq also evaluates the whole transcriptome, but with less danger of confusing data caused by cross-hybridisation of related genes. In recent years, RNA-seq has been widely used for transcript profiling and gene discoveries in plant species including legumes, such as soybean (Hayashi et al., 2012; Libault et al., 2010; Reid et al., 2012) .
In this study, we compared the transcriptome of the shoot and root tip of the S562L, Gmclv1a mutant, and its wild type parent (cultivar Forrest) using RNA-seq. The CLC genomics workbench program was subsequently used to map the RNA-seq data to the soybean reference genome and determine the relative transcript abundance. The results provide further evidence to aid the understanding of meristem maintenance in soybean.
Materials and Methods

Plant Growth Conditions
Soybean (Glycine max (L. Merr.) wild type cv. Forrest and the EMS-induced and TILLING-selected missense mutant S562L were used for this experiment. For RNA-seq, seeds were surface-sterilised by immersion in 70% ethanol for 30 s, then rinsed 5 times with sterile water, and were put between filter paper in sterile Petri dish and kept in a growth chamber at 25°C in dark conditions.
Tissue Harvest
Shoot tips (1 mm) and root tips (2 mm) were harvested after 48 hours using a sterile scalpel and immediately frozen in liquid nitrogen. Shoot tips of plants 48-hours old were collected under the dissecting microscope after opening the cotyledon and removing the emerging leaves.
RNA Sample Preparation and Library Construction
For RNA-seq, total RNA was extracted from dissected shoot and root tips using the Qiagen RNeasy Minikit with on-column DNAse digestion according to the manufacturer's instructions (Qiagen, Maryland, USA). The Australian Genome Research Facility (AGRF) subsequently conducted cDNA library construction and RNA sequencing. cDNA libraries for plant transcriptome sequencing were constructed using the Illumina Truseq RNA kit according to Illumina protocols and RNA sequencing was performed using the Illumina HiSeq 2000 platform, with four multiplexed samples run on one flowcell lane generating 100 bp single-end reads.
For qRT-PCR experiment, RNA was converted to cDNA in a 20-µl reaction mixture containing 0.5 mM deoxynucleoside triphosphates (dNTPs), 1 µl of 50 µm oligo(dT) primers, 40 unit of RNaseOUT (Invitrogen), 0.5 µg of DNA-free RNA, 1x firststrand buffer (Invitrogen), 5 mM dithiothreitol (DTT) and 100 units of SuperScript III reverse transcriptase (Invitrogen) at 50 0 C for 60 min. Finally, cDNA was confirmed using GmCons6 primers (Libault et al., 2008 ) (Glyma12g05510; F box protein family) and PCR.
Quantitative Real Time PCR
Primers used for quantitative real-time PCR were designed using the online primer design program, Primer 3 version 0.4.0 (available at http://frodo.wi.mit.edu). Sequences from the soybean genome (Phytozome version 8.0; the United States Department of Energy Joint Genome Institute and Centre for Integrative Genomics; available at http://www.phytozome.net) were used for primer design. The sequences for forward and reverse primers for each gene are shown in Table 3 . To ensure that the primers were specific and produced only a single band, normal PCR was run using Forrest cDNA. All primer pairs were found to amplify a single product of the correct size.
The relative transcript abundance was detected using SYBR Green PCR Master Mix (Applied Biosystems) on an ABI 7900HT cycler (Applied Biosystems) in a 384-well plate. The 384-well plates were set up using an Eppendorf epMotion 5075 Robotic system and contained no template (water) control and reverse transcription negative (RT-) controls to verify genomic DNA contamination of the samples. All reactions were carried out in duplicate of one biological replicate. The qRT-PCR conditions used were as follows: initial denaturation of 95˚C for 10 min, then 45 cycles of 95˚C for 15 sec and 60˚C for 1 min followed by a dissociation stage of 95˚C for 2 mins to assess the specificity of the PCR. The expression level of the genes was normalised to the mRNA expression level of soybean GmCons6 (Libault et al., 2008) amplified by forward primer 5'-AAAGGTGAAATT-GCCTCTTCC-3' and reverse primer 5'-CCCAAAGATCTGC-CAAATGTA-3'. PCR efficiency for each sample was calculated using the LinRegPCR 7.5 program (Ramakers et al., 2003) .
Bioinformatics and Data Analysis of Sequencing Output
The read quality score was determined using the FastX tool kit. Shoot and root read sequence data were mapped separately against the soybean genome (available at Phytozome; http:// www.phytozome.net/) using the CLC Genomics Workbench with the RNA-seq function and the mapping setting: minimum length fraction 0.9, and minimum similarity fraction 0.8. Relative transcript abundance was yielded in "Read Per Kilobase" of exon model Per Million mapped reads (RPKM) values. This value only uses the mapped reads and relative size of transcripts to determine expression level.
Differentially expressed genes were identified by comparing expression values between samples and using Kal's test (Kal et al., 1999) which considers proportions, rather than raw data. Genes were determined to be differentially expressed using thresholds of fold change >=2 with Kal's Z test p-value <0.05.
Results
Transcriptome Sequencing (RNA-seq) Outputs
To help understand how GmCLV1A affects the gene expression network in soybean, transcript profiles of the shoot and root tip of S562L Gmclv1a mutant and wild type (Forrest) were compared at germination. One hundred (100) bp single-end sequence reads generated using an Illumina Hi-seq 2000 platform had a good quality (Phred quality score ≥ 32; Figure 1 ). Results of mapping reads against the soybean reference genome (available at Phytozome; http://www.phytozome.net/) are summarised in Table 1 . Overall a total of 84-87% of the reads from each sample uniquely mapped to the soybean genome, whereas ~4% were non-specifically mapped.
Transcriptomes of Wild Type Forrest and Mutant S562L Shoot Tips
By having at least one read match, a total of 40,229 genes were expressed in the wild type shoot tip compared with 41,172 genes in the S562L shoot tip. Comparison of wild type and S562L shoot tip genes expression value (RPKM) indicated that 631 genes had a differential transcript abundance (Kal's Z test; P ≤ 0.05). Around 71% of differentially expressed genes (448 genes) had significantly higher expression in the S562L shoot tip relative to the wild type, and 29% of differentially expressed genes (183 genes) genes had less expression. Of these, 277 (~62%) of the more-highly expressed genes had a fold change of two or greater, whereas 62 (~34%) lower-expressed genes had a fold change of two or greater. A subset of these differentially expressed genes, which were predicted to encode either protein kinases, transcription factors, protein binding, defense, stress response or catalytic activity, is presented in Table  S1 [see additional file].
Transcriptomes of wild type Forrest and Mutant S562L Root Tips
A total of 40,460 genes were expressed in the wild type root tip compared with 40,714 genes in the S562L root tip. Comparison of gene expression values in the wild type and S562L root tips identified 1,204 genes that had differential transcript abundance (P ≤ 0.05). Around 64.5% of differentially expressed genes (777 genes) increased in expression in the S562L root tip relative to wild type and 35.5% of differentially expressed genes (427 genes) decreased. Four hundred and forty six (446: ~58%) of these more-highly expressed genes had a fold change of two or greater and 140 (~33%) lower-expressed genes had a fold change of two or greater. A subset of these differentially expressed genes, with activities such as protein kinase and signalling activity, transcription factor activity, protein binding, defence and stress response, and catalytic activity are presented in Table S2 [see additional file]. 
Confirming the Expression of Some Differentially-Expressed Genes at the Shoot Tip
From differentially-expressed genes, ten candidate genes (eight had over-expression and two had reduced-expression in the shoot or root tip of S562L) were selected based on homology to Arabidopsis genes that could influence the CLV pathway or were acting in developmental pathways ( Table 2 ). The expression of the selected genes was confirmed by qRT-PCR. qRT-PCR was carried out on the exact RNA samples that were used for deep sequencing. The result showed that the expression of all selected genes was consistent with the deep sequencing results (Figures 2 and 3 ).
Soybean Functional Categories Regulated in the Shoot Tip
Functional categories of genes that were differentially expressed in the S562L shoot tip compared to the wild type shoot tip were analysed using Mapman (Thimm et al., 2004) and Pageman, an integrated program in Mapman. This analysis, applying the Wilcoxon test with Benjamini-Hochberg correction, revealed 141 functional pathways (bins and sub-bins) to be statistically different from the other pathways (p<0.05; Table S3 ; see additional file). These pathways are distributed into 22 bins out of 37 bins. Categories over-represented in the shoot tip of S562L included photosynthesis, cell wall, secondary metabolism, hormone metabolism, redox regulation, signalling and transport bins and sub-bins. Under-represented functional categories included polyamine metabolism, nucleotide metabolism, RNA, DNA and protein bins and sub-bins.
Soybean Functional Categories Regulated in the Root Tip
A comparison of the RNA-seq root tip outputs of S562L and its wild type found a total of 71 biological functional pathways to be statistically different from all other Bins (p<0.05; Table S4 ; see additional file). Over-represented categories included photosynthesis, lipid metabolism, amino acid metabolism, secondary metabolism hormone metabolism, redox regulation, nucleotide metabolism, DNA, signalling, development and transport and under-represented functional categories included fermentation, cell wall, biosynthesis, stress, RNA, protein and cell biology. 
Discussion
RNA-seq analysis provided a broad view of the gene expression in the S562L shoot and root tip regions compared with the wild type. Our data revealed genes involved in signalling, transcription, metabolism and defense and stress response are over-represented in the S562L shoot and root tip. Moreover, genes that belong to the receptor protein kinase and transcription factor families, which are important in signalling and plant development, were also shown to have higher transcript abundance in the shoot and root tip of S562L compared to the wild type.
WUS encodes a homeodomain transcription factor and is expressed in the organising centre at the SAM (Schoof et al., 2000) . WUS regulates the meristem size through cytokinin signaling via repression of several type-A Arabidopsis response regulators (ARRs) (ARR5, ARR6, ARR7 and ARR15) as well as activation of CLV3 transcription by binding to its regulatory region (Leibfried et al., 2005; Yadave et al., 2011) . Our RNA-seq data and qRT-PCR revealed that Glyma06g01940 (putative orthologue of AT4G35550; WUSCHEL related homeobox 13) was transcribed higher in the S562L shoot tip, which is reminiscent of the finding in Arabidopsis where the WUS expression domain expanded in the clv SAM (Schoof et al., 2000) . This indicates that GmCLV1A of soybean is acting through a similar component as the CLV network in Arabidopsis.
Receptor kinases are key elements in ligand-receptor systems to communicate signals in multicellular organism (i.e., plants) and are involved in diverse pathways in growth and development (Searle et al., 2003; Dievart et al., 2004; Shiu et al., 2004) . In Smet et al., 2008; ) are all receptor kinases and function in regulating cell division and differentiation in shoot and root meristems. LRR RKs, differentially regulated in the S562L shoot tip and root tip, are presented in Table  S1 and Table S2 [see additional file]. None of these LRR RKs are paralogues of the above mentioned LRR RKs, indicating that they represent new candidates that function in signalling at the shoot and root tip and may play a similar role -controlling cell division and differentiation -as the above mentioned receptor kinases. Transcription factors play critical roles in plant development by regulating positively or negatively the expression level of relevant genes. Analysis of differentially expressed genes revealed their presence in the S562L shoot and root tip (Table S1 , 2; see additional file).
Transcripts that are related to AP2 (APETALA2) and a group of AP2, ethylene responsive element binding proteins, EREBPs, were also found to be differentially expressed in the shoot and root tip of S562L (Table S1 , 2; see additional file). AP2/EREBP transcription factors are expressed in different tissues including: flower, leaves, inflorescence stem and root (Okamuro et al., 1997) and they are involved in several developmental processes that include: seed development, stem cell identity, floral organ identity, plant growth, nodulation and defense response (Agrawal et al., 2011; Andriankaja et al., 2007; Aoyama et al., 2012; Jofuku et al., 1994; Krishnaswamy et al., 2011; Yant et al., 2010) . AP2-related transcripts are under-represented in the shoot while they are over-and under-represented in the root tip of S562L (Table S1 , 2; see additional file). This suggests that the defect in GmCLV1A function, which is involved in plant development of soybean, might associate with over-and under-represented transcripts of this group of transcription factors which function in developmental processes such as stem cell and thus nodal identity.
Some transcripts correspond to the NAC (NAM, ATAF1/2 and CUC2) domain containing proteins, are also over-represented in the shoot and root tip of S562L (Table S1 , 2). NAC domain containing proteins are another group of transcription factors that are involved in a wide range of biological processes, including embryogenesis, flower development, SAM development, wood formation and shoot branching (Aida et al., 1997; Hu et al., 2010; Mao et al., 2007; Ohtani et al., 2011; Xie et al., 2000) . Interestingly, Glyma02g26480 is a putative orthologue of ATAF1 (AT1G01720) was over-represented in the shoot tip of S562L. ATAF1 is a homologue of the NAM (No Apical Meristem) gene in Petunia (Souer et al., 1996) . In Petunia, nam mutants fail to develop a SAM (Souer et al., 1996) . This indicates that the over-expression of this gene might be due to impaired Gm-CLV1A function in the S562L mutant. However, it has been shown that ATAF1 is involved in stress responses (Hu et al., 2010; Wang et al., 2009) . Furthermore, Glyma13g35550, over-represented in the root tip data set, is also an ATAF1-like gene.
There are genes highly expressed in the root and shoot tip of S562L that correspond to those of the WRKY transcription factors family (Table S1 , 2; see additional file). WRKY transcription factors act as activators or repressors and control many plant biological processes including germination, senescence, biotic and abiotic responses and development. Moreover, WRKY factors have a key role in the innate immune system of plants (Rushton et al., 2010) .
Flavonoids play a pivotal role in plant biology. They protect plants against UV irradiation, attract pollinators and symbionts, and contribute to plant hormone signalling (Dixon and Pasinetti, 2010; Stracke et al., 2007) . MYB transcription factors also act in various plant biological processes and impact development, biotic and abiotic stresses and metabolism (Dubos et al., 2010) . There is a member of the MYB transcription factors among the differentially regulated genes in the S562L shoot tip, which is involved in flavonol biosynthesis. Glyma16g02570, a putative orthologue of MYB111, was over-represented in the 
Glyma08g11620
TCCACCCCCATCATCATATC TTGCGCCTTACGAATCTCTT
Glyma10g44170
TTCACGACACAAAAGGGAAAC AGCATGAGCTTCAAAACCAA
Glyma06g01940
TCAAACGCTGGTGGTATTATTG GACAGATGGTGGCATAGACAGA
Glyma04g29250
CTCAGAGAATGTCCCAGCAAG TTTCAACAAATGTGGCCTCAG
Glyma16g33870
TGACATATGAAGCGGTTTTCC TCTGAAGGCAGTCAACGAAGT
Glyma05g36310
ACCTTCCAAGAACAATGCCAT TCCAATGGGGTTATAGAAGGTG
Glyma04g00930
GGTGTACCCGGGTGAAGTTAT ACCTCCCGAAAACAACAGAGT
Glyma06g05300
AACAACTCCGCCTCGTAGTAAC ATTTTAACATTCCGCGTTGAGT
Glyma07g35630
CCTCCTGGCTTTAGGTTTCAC GCAATTCCCAAGGATCAAACT
Gene ID is according to the Phytozome database (http://www.phytozome.net). 190 transcriptome data base of the S562L shoot tip. In Arabidopsis, MYB111 controls flavonol biosynthesis and is mainly active in cotyledons (Stracke et al., 2007) . As flavonol accumulation regulates polar auxin transport (Kuhn et al., 2011) , it is likely that some phenotypes of S562L, such as increased branching, are the result of flavonol accumulation due to higher expression of Glyma16g02570. Members of this group were also over-represented in the root tip data of S562L. Of interest is Glyma03g34110, a putative orthologue for AtMYB68. It is specifically expressed in the root and responds to environmental conditions, temperature in particular (Feng et al., 2004) . There is a possibility that over-expression of this gene causes a stronger phenotype of S562L under cold conditions; however, AtMYB68 expression is elevated at high temperature (Feng et al., 2004) . Putative orthologues of Arabidopsis chalcone synthase (CHS) including Glyma08g11620, Glyma08g11520, Glyma0811650 and Glyma02g14450, were found to have higher expression in the S562L shoot and root tips compared to wild type shoot and root tips. CHS is a key enzyme in flavonoids biosynthesis (Winkel-Shirley, 2001 ). This suggests a correlation between flavonoid biosynthesis and CLV signalling which may cause developmental outcomes.
Overall, the existence of numerous transcription factors among the differentially expressed genes identified in this study is consistent with recent studies which show a wide range of transcription factors are active in the SAM and RAM of soybean (Haerizadeh et al., 2009; . Furthermore, over-representation of transcripts for MYB and WRKY transcription factors which are involved in a wide range of plant processes and mainly function in abiotic and biotic stresses, could be explained by SAM and RAM immunity systems, which may be affected by impaired function of GmCLV1A. A recent study demonstrates that CLV3, a main regulator of stem cell homeostasis, can also activate innate immunity (Lee et al., 2011) . Moreover, Mathesius et al. (2011) by comparison of root tip and differentiated root, highlighted the importance of stress, defense response and flavonoid metabolism in the root apex.
Conclusions and Future Work
Past studies using the model plant Arabidopsis revealed regulatory pathways in the SAM and RAM that sustain stem cells in both shoot and root meristems and exhibited some similarities between molecules and mechanisms. In legumes, it seems there is a divergence in CLV1 function as CLV1 orthologues in legumes, except for GmCLV1A in soybean, are involved in nodulation control. GmCLV1A (a paralogue of GmNARK, which is a key component in the regulation of nodule formation), acts in shoot architecture, leaf and pod development (Mirzaei et al., 2014; submitted) . Investigation of the shoot tip transcriptome of S562L indicated that GmCLV1A suppresses the expression of Glyma06g01940 (WUSCHEL related homeobox 13) reminiscent of CLV1 function in Arabidopsis. This finding along with the evidence of the function of LjCLV2, PsCLV2 (Krusell et al., 2011) and LjKLV (Lotus japonicus KLAVIER) (Miyazawa et al., 2010) in the SAM indicates that components similar to Arabidopsis regulatory elements are most likely acting in specialised shoot structures in legumes (Figure 4) . Furthermore, it seems that GmCLV1A negatively controls the flavonoids biosynthesis through the chalcone synthase and the MYB111 transcription factor. As auxin polar transport is regulated by flavonoids (Kuhn et al., 2011; Falcone et al., 2012) , there is a possibility that they also have a function in regulating legume shoot structure.
Further research is required revealing how pathways regulating flavonoids biosynthesis and pathways regulating plant development are connected together in the legume family. Moreover, more studies are required to identify other components (known or unknown in Arabidopsis) regulating the SAM of legumes. As mutations in LjCLV2/PsCLV2 and LjKLV lead to hyper-nodulation as well as stem fasciation (Krusell et al., 2011; Miyazawa et al., 2010) , such lines of research may aid in understanding not only the molecular mechanisms underlying SAM regulation in legumes, but also pathways acting in nodulation. 
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